additional work is needed to further quantify this risk, and to consider appropriate INTRODUCTION 51 Infections caused by Enterobacterales, including Escherichia coli and Klebsiella spp., 52 are major causes of global morbidity, and particular antimicrobial-resistant strains 53 (namely extended-spectrum beta-lactamase and carbapenemase producers) have been 54 listed as critical priority pathogens for mitigation by the WHO. In the UK, year-on-year 55 increases have been observed in the number of E. coli and Klebsiella spp. bloodstream 56 infections (1) , for reasons which remain unclear. As well as causing invasive disease, 57 these organisms are capable of colonising a wide range of animal and environmental 58 niches, and are frequently carried in the human gastrointestinal tract (2) . As such, they 59 are also commonly found in human wastewater, and in wastewater-associated sites 60 such as sewers and water treatment infrastructure (3) . 61 A significant proportion of Enterobacterales infections are healthcare-associated, 62 prompting the UK government to introduce a target in 2016 to halve the number of 63 healthcare-associated Gram-negative bloodstream infections by 2021 (4) . Wastewater 64 sites in hospitals have been highlighted as reservoirs of drug-resistant Enterobacterales, 65 with several studies reporting that ongoing transmission and outbreaks of human dis- 66 ease are associated with the contamination of, for example, sinks, by these organisms 67 (5, 6) . More recently, several studies have shown reductions in colonisation and/or 68 invasive infection with Enterobacterales and other Gram-negative bacilli following the 69 introduction of strategies to remove sinks and mitigate possible contamination from 70 wastewater sources in patient rooms (7, 8) . Most of these studies however focus on 71 the sampling and control of antimicrobial-resistant strains, often representing a more 72 immediate clinical problem in an outbreak setting, rather than on the possibility that 73 these sites may represent part of the wider endemic transmission network of both 74 susceptible and resistant strains causing infection in patients. 75 Whole genome sequencing of bacterial isolates is increasingly used as the most 76 robust, high-resolution approach to characterising relatedness between strains, and 77 hence determining likely transmission (9) . However, the diversity of complex, polymicro-78 bial environmental reservoirs is incompletely captured by sequencing small numbers 79 of isolates, and this breadth of diversity can be more fully captured by using a metage- 80 nomic approach, which characterises the genetic complement of a whole sample (10) . 81 Combining both approaches has been shown to improve our understanding of species 82 and antimicrobial resistance (AMR) gene diversity within environmental, wastewater 83 and river samples (11, 12) and of transmission in a sink-associated outbreak of Sphin- 84 gomonas koreensis (also a Gram-negative bacillus) in the NIH Clinical Centre in the US 85 (13) . 86 In order to investigate the prevalence of contamination of healthcare sinks by 87 strains of E. coli and Klebsiella spp., including those resistant to third-generation 88 cephalosporins and carbapenems, we sampled all sink sites using p-trap (U-bend) 89 aspirates across several wards and timepoints in a single UK hospital in 2017. We Relative read abundance (%)
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General medicine (GM) Adult critical care (ACC) Acute admissions (AA) individual sinks, but sinks within wards exhibited more similar taxonomic profiles than 147 those between wards ( Figure 2 ), suggesting distinct ward-based wastewater ecologies. 148 Total metagenomic sequence content was hierarchically structured by ward and by 149 sink ( Figure S2 ). Staff room sink A25 exhibited distinctive taxonomic and k-mer profiles 150 from patient room sinks in the general medicine ward (Figure 2 , Figure S2 ). 151 Sinks with high metagenomic abundance of the three Enterobacterales species 152 reliably yielded corresponding cultures. The area beneath the receiver operating char-153 acteristic (ROC) curve for culture-based detection of these species was 0.93 ( Figure S3 ). 154 When the relative metagenomic abundance of a species was above 0.1%, 1% and 10%, 155 one or more cultures of the same organism were obtained in 58% ( cultured twice or more, only 14 (32%) were cultured from different sinks (Table 1A) . 169 Further, of the 40 strains cultured twice or more on wards which were repeatedly 170 sampled (i.e. excluding the haematology ward which was only sampled once), 12 171 (30%) were only seen at the same sink-timepoint, 16 (40%) were seen in the same 172 sink at different timepoints, and 12 (30%) in different sinks at different timepoints 173 (1B). This structure was reflected in the recombination-adjusted core genome species 174 phylogenies ( Figure 3 ). The main exception to ward and sink-based clustering was E. 175 coli ST635, which comprised more than half of isolates sequenced from sinks, and was 176 found in 13/20 (65%) E. coli-positive sinks. 177 However, there was sink-level clustering even within E. coli ST635, more clearly 178 shown in neighbour-joining trees constructed from pairwise read-based MASH dis-179 tances, representing both core and accessory genomic content (see E. coli ST635 zoom 180 in Figure 3 ; colours indicate distinct sinks). Although pairwise correlations between core 181 and accessory genomic distances were high (Table S3 ), incorporating accessory content 182 yielded additional resolution beyond core SNP distances ( Figure S4 ). Permutational 183 analysis of variance (PERMANOVA) using pairwise core SNP and read-based MASH 184 distances supported significant grouping of isolates from all three species by ward and 185 by sink (P<0.001), most conclusively for K. pneumoniae (Table S4 ). from sink drain aspirates sampled over twelve weeks across three wards, with two zooms corresponding to an E. coli ST635 neighbour-joining MASH subtree whose tips are coloured by sink, and genetic overlap between a sink culture and a urine culture from a patient with ward contact during the study. Tip colours indicate strains, with rings inside-to-out denoting: patient/sink, sink designation, sequence type, and ESBL genotype.
Metagenomic assignments to bacterial species
(of 0 (day case), 1, 2 and 5 nights' duration), of which 3 included time on the acute 211 admissions ward. There were no prior admissions onto the general medicine ward (in 212 which their positive urine specimen was taken), although their eleven-night spell on the 213 general medicine ward commenced with a seven-hour episode in acute admissions. 214 The positive clinical specimen was taken ten days after the patient's admission onto the 215 general medicine ward, indicating a large duration of exposure to a ward environment 216 shown to be harbouring a very similar strain of E. coli to the patient's urine culture. 217 The next most closely related E. coli clinical isolate was 3,688 core SNPs from its Antimicrobial resistance genes are prevalent and spatially structured in sinks. 226 The presence of 571 clustered CARD antimicrobial resistance genes in cultured iso-227 lates was supported by ≥75% exactly matching read coverage reported by ResPipe 228 (Figure 4 ). Among these were known transmissible genes of clinical concern includ-229 ing beta lactamases (e.g. bla TEM , bla CTX-M , bla SHV ), aminoglycoside resistance genes 230 (aac (3), aac(6) families) and quinolone resistance genes (qnr family). Some of these, 231 including cmlA and qacH, were widely seen in sink metagenomes but less frequently 232 in cultured isolates, consistent with a background resistance reservoir that may pose 233 a risk in different populations to those cultured (of either same or different species). 234 Spatial structure was evident among both cultured isolates and metagenomes, al-235 though resistance repertoires of isolates frequently clustered across ward boundaries, 236 in keeping with findings of our prior core genome analysis. Resistance genes detected 237 in cultured sink isolates were also abundant within sink metagenomes at one or more 238 timepoints. Sink drain metagenomes yielded 673 CARD genes exceeding 75% coverage, 239 and after clustering large gene families represented by many similar sequences (see 240 methods for detailed description), only five genes abundant in one or more cultured 241 isolates were not detected in at least one metagenome. Notably, these five genes 242 (gadW, len-26, tet(B), mgrA and sat-2) were all seen in isolates from sinks not subject to 243 metagenomic sequencing, showing that resistance genes cultured from sink drains 244 were highly contained in corresponding metagenomes. 8.7kbp pMCR-4.2 plasmid previously reported in pigs from Italy, Spain and Belgium (14) . 261 This mcr variant has been previously reported in European Acinetobacter, Enterobacter, 262 Salmonella, and Escherichia spp. but not to our knowledge in the United Kingdom. 263 Screening all metagenomes for assembled mcr-4 produced alignments in two sinks 264 on the ward (A8, A9) across a total of six sink-timepoints, with coverage and abun-265 dance suggesting low and declining prevalence of this gene over time (Table S5 ). An isolates did not carry the gene. 322 Colonisation patterns of sink niches differed markedly between the two genera 323 investigated. E. coli strains have evolved to colonize and adapt to multiple niches, 324 including some which have adopted pathogenic lifestyles, and appear to have different 325 distributions in humans, domesticated and wild animals, and the environment. There 326 is however no absolute correlation between phylogenetic lineage and any given niche, 327 and overlaps are observed. Interestingly, in our study, more than half of the E. coli sink 328 isolates cultured were ST635, which has been recently described as a highly adapted, 329 resistance-and virulence gene-enriched wastewater-associated strain thought to be 330 globally distributed, but is also found in humans, animals and other environments 331 (16) . Of note, it has been observed in association with several clinically relevant trans-332 missible resistance genes, including ESBLs, carbapenemases, and rRNA methylases, 333 and was one of only two E. coli STs in our study that harboured an ESBL (bla CTX-M-15 ). 334 We observed presence/absence of bla CTX-M-15 across closely related ST635 isolates, 335 suggesting that this gene may be frequently lost/gained in sinks. Also notable in the 336 context of ST635 was the ability of read-based k-mer composition to resolve fine-337 grained structure between the populations of different sinks, beyond that observed 338 in the core-only SNP phylogeny. Other common E. coli sink lineages were ST399 and 339 ST472, which to date have predominantly been seen in humans/animals, rather than 340 the environment. 341 The phylogenetic distribution of sink isolates of K. pneumoniae appeared to mirror 342 that seen in a global collection of isolates, providing little evidence that a particular 343 lineage was predominating in, or particularly adapted to, the wastewater environment. 344 Studies of the population structure of unselected K. oxytoca are limited, but again we 345 observed a diverse population amongst sink isolates, with a deep branch separating 346 two distinct groups as previously described. Interestingly, two K. oxytoca strains associ-347 ated with bla CTX-M-15 were widely distributed amongst sinks in the acute admissions 348 ward; outbreaks of ESBL-and carbapenem-associated K. oxytoca in association with 349 contaminated handwashing sinks have been described in other settings (17) . 350 Genomic overlap with sink isolates was identified in 1/46 (2%; 95% CI: 0.05-11%) 351 of all sequenced isolates causing clinical infections over the same timeframe, with a 352 temporal association consistent with acquisition from a sink source (i.e. sink isolate 353 observed first), and following ten days of patient exposure to a ward environment 354 wherein the overlapping strain was previously cultured. We may have significantly 355 underestimated the degree of overlap between these two compartments for several 356 reasons. Firstly, we have shown the diversity in sink niches is substantial, and with a 357 culture-based approach agnostic to any selective marker, even sequencing 444 isolates 358 from 48 sinks will have limited ability to capture the underlying diversity for complete 359 comparison of sink-patient pairs at the isolate-level. Supporting this, screening the 360 metagenomes of a subset of 20 sinks using patient isolates suggests that overlap 361 between these reservoirs may be more common than observed at the isolate-level. 362 Second, clinical isolates represent the tip of the iceberg of any transmission chain, 363 with the majority of transmission events likely occurring between gastrointestinal tract 364 (asymptomatic carriage) and the wastewater environment. Nonetheless, in the context 365 of understanding how sinks may be contributing to infection caused by Klebsiella spp. 366 and E. coli, focusing on clinical isolates seems appropriate. Third, the interval between 367 sampling dates for our observed patient-sink isolate-pair was 58 days, suggesting that 368 the timeframe between acquisition from the environment and infection may be long, 369 and may not be adequately captured with a study timeframe spanning three months. 370 In addition, a major study limitation is the fact that only 46/107 patient isolates making it difficult to quantify wider patient-associated risk from the studies available. 395 We demonstrate that contaminated sinks may be contributing to a proportion of associated Enterobacterales bloodstream infections [described previously (21) . Ward 408 and sink/wastewater layouts were obtained from estates, and each sink/drain site was 409 assigned a unique site identifier (Table S1) . 410 On each day of sampling, autoclaved tubing cut to 10 inches was used to aspi- PERMANOVA in the absence of significant differential dispersion (PERMDISP). 
